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Combinatorial Activity of Pair-Rule Proteins 
on the Drosophila gooseberry Early Enhancer 
® 
Maxime Bouchard, ~'2 Jos4e St-Amand, and Serge C6t6 3 
Cel~tre de Recherche de L'H6tel-Dieu de Qudbec, 11 C6te du Palais, 
QuEbec, QuEbec, Canada G1R 2J6 
The early expression of the Drosophila segment polarity gene gooseberry (gsb) is under the control of the pair-rule genes. 
We have identified a 514-bp enhancer which reproduces the early gsb expression pattern in transgenic flies. The 
transcription factor Paired (Prd) is the main activator of this enhancer in all parasegments of the embryo. It binds to paired- 
and homeodomain-binding sites, which are segregated on the enhancer. Using site-directed mutagenesis, we have identified 
sites critical for Prd activity. Negative regulation of this enhancer is mediated by the Even-skipped protein (Eve) in the 
odd-numbered parasegments and by the combination ofFushi-tarazu (Ftz) and Odd-skipped proteins in the even-numbered 
parasegments. The organisation of the Prd-binding sites, as well as the necessity for intact DNA binding sites for both 
paired- and homeodomains, uggests a molecular model whereby the two DNA-binding domains of the Prd protein 
cooperate in transcriptional activation of gsb. This positive activity appears to be in competition with Eve and Ftz on Prd 
homeodomain-binding sites. © 2000 Academic Press 
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INTRODUCTION 
The first visible signs of segmentation during Drosophila 
embryogenesis appear at stage 10 of development (Turner 
and Mahowald, 1977) and suggest a definite identity for 
every cell along the anterior-posterior axis of the embryo. 
The genetic hierarchy of genes responsible for this cellular 
determination is well known. From the products of the 
maternal coordinate genes deposited in the embryo, the 
broad gap gene domains are specified. The latter then 
activate the pair-rule genes in narrower domains, them- 
selves responsible for the regulation of the fourth class of 
segmentation genes, the segment polarity genes, expressed 
at single-cell precision (Ingham, 1988; Fujioka et al., 1995). 
Most of the maternal, gap, and pair-rule genes are transcrip- 
tion factors. The cascade of segmentation genes, up to the 
activation of the segment polarity genes, thus seems largely 
based on the regulatory interactions among these transcrip- 
tion factors. Different molecular mechanisms such as co- 
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operativity, competitive DNA binding, or quenching have 
been proposed for these interactions (Levine and Manley, 
1989; Johnson, 1995). 
The early activation of the zygotic segment polarity genes 
in the ectoderm depends on the interactions of the tran- 
scription factors encoded by the pair-rule genes. This regu- 
lation is thought to be combinatorial in that a given 
combination of pair-rule proteins would generate specific 
information allowing the activation of the segment polarity 
genes (Gergen et al., 1986; Morrissey et ai., 1991). This 
model is essentially based on expression patterns and ge- 
netic studies. The cases of wingless (wg) and engrailed (en) 
are especially well documented in this regard. The activa- 
tion of wg, for example, is dependent on paired (prd) and 
odd-paired (opa) in the even- and odd-numbered paraseg~ 
ments, respectively (Ingham and Hidalgo, 1993; Benedyk et 
ai., 1994), while its borders are specified by fushi-tarazu 
(ftz), odd-skipped (odd), and even-skipped (eve) repression 
(Ingham, 1988; Mullen and DiNardo, 1995; Ingham and 
Hidalgo, 1993; Fujioka et al., 1995). On the other hand, the 
initiation of en expression is driven by ftz and prd (Hoey 
and Levine, 1988; Han et al., 1989; Ananthan et aI., 1993) 
and seems to be defined posteriorly by the action of odd and 
eve according to the double-negative model whereby Eve 
would repress odd in the anteriormost cell of the even- 
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numbered parasegments, enabling en expression (Coulter et 
aI., 1990; Manoukian and Krause, 1992; Fujioka et aI., 
1995). The anterior boundary of at2 expression appears to be 
specified by sloppy-paired (sip; Cadigan et aI., 1994). 
Another segment polarity gene, gooseberry (gsb; also 
referred to as gooseberry-distal), is closely related to wg and 
en by its mutant  cuticular phenotype (Hooper and Scott, 
1992), as well as its expression domain. It is expressed 
across every parasegmental boundary, in a domain overlap- 
ping the wg expression domain, and in the anteriormost 
ez2-expressing cells (Gutjahr et al., 1993b}. The regulatory 
region of gsb consists of an early and a late control element 
dependent on the pair-rule genes and wg, respectively (Li et 
aL, i993). The early localisation f gsb seems to be crit ical 
for proper CNS formation since it is responsible for the 
specif ication of row 5 neuroblast identity in the neuroecto- 
derm by stage 8 of embryogenesis (Zang et aL, 1994; Skeath 
et al., 1995; Duman*Scheel et al., 1997). The involvelnent 
of gsb in epidermis pecification, as reflected by the larval 
cuticle defects (N/isslein-Volhard et al., 1980; C8t6 et al., 
1987), seems to be a later requirement. Indeed, gsb is needed 
6 h after egg laying for wg n:aintenance through an auto- 
regulatory loop (Li and Noll, 1993; Dumal:-Scheel et al., 
1997). The loss of wg expression seems therefore respon* 
sible for the cuticular defects observed in the gsb mutant.  
Based on sequence similarity, gsb is the homologue of the 
vertebrate Pax-3 and Pax-7 genes and a paralogue of the 
Dros(\phila paired and gooseberry~neuro (gsbn) genes 
(Baumgartner t al., 1987; Walther et al., 1991; Noll, 1993). 
These transcription factors share the paired domain and the 
paired-type homeodomain,  two dist inct sequence-specific 
DNA binding motifs (Boppet al., 1986; Treisman et al., 
1991). The paired-type homeodomain recognises an AT-rich 
sequence usual ly containing the TAAT core motif, consis- 
tent with previously characterised homeodomain-binding 
sites (Treism.an et aI., 1991; Wilson et al., 1993). The paired 
domain recognises the core GTCACG(G/C) consensus 
(Czerny et al., 1993; Jun and Desplan, 1996). However, most 
of the specific binding sequences for these domains have 
been identif ied in vitro, while only a few in vivo target sites 
are known. 
Although. it is known that gsb transcription is activated 
by the pair-rule proteins (Li and Noll,  1993), a systematic 
analysis of this regulation at the molecular level is missing 
so far. In this paper, we investigate the factors and the 
molecular mechanisms involved in the early regulation of 
gsb. We find that prd activates gsb in every parasegment by 
using both its paired~ and its homeodomains cooperatively. 
The binding occurs on a 514-bp enhancer located 5 kb 
upstream of the transcription init iat ion site. This early 
regulatory element is down-regulated by competit ion of Eve 
and Ftz for Prd horneodomain-binding sites. This e lement 
presents a molecular example of the combinatorial  ct ivity 
of pair~rule transcription factors in the regulation of the 
segment polarity genes. 
MATERIALS AND METHODS 
Germ-Line Transformation 
Fragment IV vectors were generated by inserting the 0.5-kb 
BgJlI-HindIII "lu~t~d fragment into the BglII-NotI b:~:~d cloning sites of 
pWHiZ. The pWHiZ vector was made with the blunted 4.5-kb 
H~ndIII fragment of pHZ50PL (Hiromi and Gehring, 1987), contain- 
ing a minimal hsp 70 promoter and the LacZ gene, cloned into the 
blunted EcoRI site of pW6 (Ktelnenz et a7., 1987), containing the 
Drosophila white gene and P-element terminal repeats. Fly trans- 
formation was performed according to standard protocols (Rubin 
and Spradling, 1982). The constructs and the helper vector 
pvr25,7wc (Karess and Rubin, 1984) were injected at a 2.5:1 ratio 
into w nls flies. For every construct, two to six independent lines 
were tested in order to identify insertion site effects. 
Transient Transfection Assays 
Transfections were performed in 60-tuna petri dishes using the 
calcium-phosphate chnique (Di Nocera and Dawid, 1983). 
Schneider L2 cells were grown at 24°C in M3 medium + 10% 
heat-inactivated foetal calf serum. Calcium-phosphate-DNA pre* 
cipitates were added to 2 ml of M3 medium containing 3-4 × 10 ~ 
cells. Five to six hours after precipitate addition, 8 ml of M3 
medium + pen-strep (50 U/ml penicillin-50/~g/ml streptomycin) 
was added to the transfections. Cells were harvested 36 h after 
precipitate addition, washed once with PBS, and resnspended in 
0.15 ml of 0.25 M Tris--HC], pH 7.8. Extraction was performed by 
freezing (dry ice/EtOH) and thawing (37°C) the extracts three times 
followed by a centrifugation of 5 rain at 13,000 rpm at 4°C. The 
supernatant was tested for/9-galactosidase (Han et al., 1989) and for 
CAT activity by the phase-extraction method (Seed and Sheen, 
1988) with some modifications. Each transfection assay contained 
2 to 4/xg of pC4copcat vector (Thummel et al., 1988) as internal 
control, 1 /xg of reporter vector, the indicated amount of effector 
vector (pPac5C-x), and the amount of pPac vector alone to stan- 
dardise the amount of actin promoter per transfection. The effector 
vectors used were pPac-Eve, pPac-Ftz, pPac-Prd (Han et aI., 1989), 
and pPac-Odd, made by insertion of the end~filled 1.95-kb EcoRI 
fragment of the odd eDNA into the end-filled BamHI cloning site 
of pPac5C. 
Expression in Mutant Embryos 
The fly stocks used in. this study were  prd 24:;J7, eve I~'~, ftz w2s, 
odd rL, and odd ~'~:~6 (described in Lindsley and Zil~m, 1992), Typi~ 
cally, homozygous transgenic lines were crossed with the mutant 
flies. F1 flies not carrying the balancer chromosome were crossed 
among themselves and the embryos were collected for staining. 
Immunohistochemistry and in Situ Staining 
The embryos collected on grape juice-agar petri dishes were 
dechorionated for 4 rain in 50% bleach, rinsed, and transferred at 
the interphase of heptane:PBS-5 % formaldehyde-50 mM EGTA for 
20 :::in. The phases were removed and replaced with flesh heptane: 
MeOH. Devitellinised embryos were then rinsed three or four 
times in MeOH. For immunohistochemistry, heembryos were 
incubated overnight at 4°C in a 1:1000 dilution of mouse or rabbit 
anti-]3-galactosidase ntibody (Promega) or a 1:100 dilution of 
monoclonal nti-Gsb in PBT-NGS (PBS + 0.1% Triton X-100 + 5% 
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FIG. 1. Identification of gsb regulatory sequences. In transgenic ffies, a 5.3okb fragment including the gsb transcription start site 
reproduces early and late gsb expression patterns. Deletion to 4.4 kb (pCD4.4) only abrogates early expression. LacZ expression is first 
detected at stage 10 in these embryos. Fragment IV located in the interval between 5.3 and 4.8 kh was sufficient for early expression of the 
LacZ reporter gene (up to stage 11} when inserted upstream of a minirnal hsp70 promoter. Scale starts at gsb transcription start site. 
Bg, BglII; RI, EcoRI; S, SalI; X, XhoL 
NGS). The first antibodies were revealed by HRP staining using the 
ABC amplification system {ABC Vectastain kit; Vector Laborato- 
ries), with 0.03 mg/ml DAB and 0.015% CoC1. Doubledabelling 
was done with anti,rabbit Alexa488 (to rabbit antiq3-galactosidase) 
and with anti-mouse ABC amplification (to nrouse anti-Gsb) using 
Cy3-tyramide substrate for HRP (NEN). Incubations were preceded 
and intercalated by three washes of 20 rain at room temperature in 
PBT. Embryos were lnounted in 70% glycerol {in PBT) or in 
Permount Fishe~ Scientific) after progressive dehy&ation in a 
EtOH-PBT series and xylene rinses, h~ sit~l hybridizations were 
carried out as previously described (Edgar and O'Farrell, 1990). 
DNase I Protection Assay 
The bacterial expression w~'ctors used for crude extract prepara- 
tion of pair-rule proteins were pAReveOri lHoey and Levine, 1988), 
pARftz, and pAP, prdOri (Treisman et al., 1989), of which the 
C-terminal portion of Prd was removed using BamHI sites. The 
constructs transformed in the Escherichia coli strain BL21(DE3) 
were induced by addition of 1 mM IPTG for 2-4 h at 37°C. The 
only exception is pAReveOri for whicl~ the induction was left for 
6 h and the culture medium was 2XYT instead of LB. Preparation 
of bacterial crude extracts for footprinting experiments was carried 
out as described in Hoey and Levine (1988), except hat 2 M urea 
was used instead of 1 M guanidine hydrochloride in the initial 
dialysis buffer and that 300 mM KC1 was added to the final dialysis 
buffer. The standard DNase I protection reaction was performed by 
incubating 1 to 3 ng of ~)P-labeled DNA and bacterial crude extract 
(0.1 to 1 /zg) in 75 mM KC1, 25 mM Hepes (pH 7.8), 20% glycerol, 
6 mM MgClz, 0.3 mM DTT, 0.03% Nonidet-P40, and 1 /xg of 
poly(dI-dC). Binding was allowed to proceed for 10 rain at room 
temperature followed by 20 to 30 rain incubation on ice. DNase I 
digestion (Worthington) was performed as previously described 
(Bemier et at., 1993} and samples were analysed by electrophoresis 
on 6 to 8% polyacrylamide g ls. 
Site-Directed Mutagenesis 
The Prd-binding site mutagenesis was made according to instruc- 
tions supplied by the manufacturer (Bio-Rad). Single-strand DNA was 
produced using the F1 origin of the vector pGEM-7Zf(+) (Promega) in 
which fragment IV had been cloned. The oligmmeleotides used were 
as follows (mutated nucleotides are underlined): IV.2M, 5'-GATAAC- 
TAAAGTACTGCAAACTC-3'; IV.3M, 5'-GCGTCATAGTTGTG- 
GTGTGTC-3'; IV.4M, 5'-CAAACCATGAACAACCGAACCG-3'; 
IV.5M, 5'-CGCATGATGAGGAGCCAQTACAAATTG-3'; W.6M, 
5'-GGTGGTCACTGTGAGACGC-3'; and IV.7M, 5'~TGATCG- 
ATCTAACACGCC-3'. 
Mutant combinations were generated by pooling oligonucleo~ 
tides IV.2, IV.3, and IV.4. Combinations involving the site IV.5, 
IV.6, or IV.7 were made by a swap of the second half o fragment IV 
using the Hi~dtI site at position 259 [from the B~g/II site} and the 
pGEM-7Zf{+) HindlII site in the 3' end of the fragment. All 
mutations were tested in DNase 1 protection assays and found to 
prevent protection by Prd. 
RESULTS 
The Early gsb Regulation Is Driven by a 0.5~kb 
Enhancer Located at -4.8 kb 
In order to identify gsb regulatory elements, we generated 
transgenic lines containing deletions of the gsb control 
region upstream of the LacZ reporter gene (Fig. 1). A 
construct containing 5.3 kb of upstream, sequences repro- 
duced the complete pattern of gsb expression, whereas we 
observed a complete loss of early LacZ expression in a 
construct containing 4.4 kb of 5' control region (Fig. 1). 
These results suggest hat the early expression is control led 
by a srnall enhancer element located in the interval be- 
tween posit ions -5 .3  and -4 .4  kb. Further deletions re- 
vealed a complex late regulatory region extending from 4.4 
kb to the promoter (data not shown). To irlvestigate the 
early regulation of gsb, we used the BglII-SalI fragment of 
514 bp corresponding to the -5 .3  to -4 .8  kb interval (called 
fragment IV), inserted upstream of the min imal  hsp70 
promoter in transformed flies (referred to as transgenic l ine 
IV I. The/3-galactosidase expression pattern produced by this 
construct is very similar to the pattern observed for endog- 
enous gsb unti l  the extended germ4~and stage (stage ll}. 
Staining first appears at cellular blastoderm in seven one- 
cell-wide stripes at the posterior border of the even- 
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FIG. 2. ]3~Galactosidase expression pattern of line IV in transgenic embryos. (A) At stage 6, the expression is detected in one-celLwide 
stripes (od&numbered). (B) At stage 9, the odd-numbered stripes expand to  second cell, while the even-numbered stripes appear in a double 
segment periodicity. (C) At germ-band-extended stage (stage 11)/3-galactosidase expression is detected in 15 stripes along the anterior- 
posterior axis. Some expression is also present in the pharyngeal region. (D) Ventral view of a stage 11 embryo. (E) Gsb expression pattern 
in a stage 11 embryo revealed by antibody staining. (F) Double labelling against Gsb (red) an  f3~galactosidase (gr en) showing the 
coexpression of both proteins in the ectoderm at stage 10. Dots indicate parasegmental boundaries 3, 4, and 5. Embryos in A, B, C, E, and 
F are lateral views with dorsal side up; embryo in D is a ventral view. Anterior is left in all photographs. 
numbered parasegments (Fig. 2A). These stripes will even- 
tually expand to include one or two more cells in the 
anterior domain of the adjacent parasegment. During germ- 
band extension, seven interstripes are activated at the 
posterior border of the odd-numbered parasegments (Figs. 
2B, 2C, and 2D). At germ-band-extended stage, the expres- 
sion pattern of ]3-galactosidase colocalises with the endog- 
enous Gsb protein in the ectoderm (Figs. 2E and 2F). In situ 
hybridisation was used to closely follow the dynamics of 
LacZ transcription. The LacZ transcript was present until 
stage 11 after which it rapidly disappeared ( ata not shown). 
The 514-bp fragment IV thus seems to contain the essential 
elements for the proper activation and repression of the 
early gsb expression. 
Genetic Control through Fragment IV 
by the Pair-Rule Genes 
gsb is activated at the cellular blastoderm stage, when the 
pair-rule genes are expressed in overlapping domains in the 
embryo (Ingham, 1988). Based on the documented role of 
these genes in the regulation of the segment polarity genes 
(Fujioka et aI., 1995; Ingham and Hidalgo, 1993; Benedyk et 
aL, 1994; and references therein) and the genetic data 
known for early gsb regulation (S.C. and R. Ouellette, 
unpublished ata; Li and Noll, 1993), we assessed the effect 
of the absence of prd, eve, ftz, and odd on the expression 
pattern of the fragment IV transgene. 
Prd is expressed in the even-numbered parasegments 
extending across all parasegment borders, thus encompass- 
ing the expression of gsb (Gutjahr et al., 1993b). In prd 
embryos, no/3-galactosidase expression is observed in the 
ectoderm until late germ-band-extension stage (Fig. 3A). 
This suggests a requirement for prd at all parasegment 
boundaries for the initiation of gsb expression. This result 
also correlates with the data obtained for the endogenous 
gsb by in situ hybridisation in prd embryos, in which no 
transcription could be detected before stage 8 (S.C. and R. 
Ouellette, unpublished ata). At the germ-band-extended 
stage, some expression appears in one or two cells per 
hemi-even°numbered stripe (Fig. 3B) and fades during germ- 
band retraction. It is important to note that at this stage, the 
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FIG. 3. Fragment IV activity in pair-rule ge:ne mutants. Line IV transgenic flies were crossed in prd (A, B), eve (C), ftz {D}, and odd (E) 
backgrounds and stained for/3-gMactosidase expression./A} in a stage 10 prd embryo, fragment IV activity is completely lost in ehe trunk. 
¢~-Galactosidase expression isstill present in the pharyngeal region. IB} At late stage ]1, f~-gabca)sidase expression is detected in some cells 
nf the even-numbered stripes. (C) In a stage 9 eve embryo, the expression :isstronger and widened in the whole odd-numbered parasegm~ nts, 
creating a fusion d the oddmumbered and tl~e even-.nmT~bered stripes. (D] A/)z embryo {stage 10) shows a posterior widening of e/-~e 
even~nurnbered stripes of/3~galactosidase witbin the domain of normal Ftz expression. Stripes 2 and3 are almost completely fused, while 
the other evenmumbered interstripes conserve some repression in the posterior egion [~rrow). {E) In a stage t0 odd mtttant, an anterior 
wide:ning of the odd-numbered stripes is observed (compare with Fig. 2D). Dnts indicate parasegmental boundaries 3,4, and 5. All embryos 
are shown anterio~ left and dorsal, up except for a ventral view in/E}. 
pair-rule genes (including prd) are no longer expressed in the 
ectoderm (Gutjahr et al., 1993a; Benedyk et aL, 1994). 
Therefore they cannot be responsible for the fragment IV 
activity observed. This late prd-independent fragment IV 
activity remains to be elucidated 
When the transgenic line IV is crossed into a~ eve 
background, the stripes of #-galactosidase expression in the 
trunk appear earlier and are dramatically wider compared to 
the endogenous expression (Fig. 3C]. The fact that the 
widening of the stripe, s is found in the domain oi norma] eve  
expression is consistent with Eve functiomng as a repressor 
of gsb activity. However, this change closely parallels the 
widening in prd expression into the odd-numbered paraseg- 
cents  in eve embryos (Baumgartner and Noll, 1990). In a 
wild-type embryo, eve could therefore repress %sb directly 
and/or indirectly through repression of prd. 
In a ftz background, fragment IV expression is also 
derepressed in the ectoderm (Fig. 3D). The stripes appear 
earlier and wfder posteriorly in the even-numbered paras- 
segments (the domain of normal  ) z  expression), Unl ike 
what is observed in an eve background, most  stripes 
remain repressed in one or two cells per parasegment (Fig. 
3D). The low f3-galactosidase expression in the even-- 
numbered parasegments cannot be caused by a loss of prd 
expression since prd is derepressed in these cells in a ftz 
mutant  background (Baumgartner and Noll, 1990). 
Though the repression of fragment tV in the cycle- 
numbered parasegments requires ftz, an additional factor 
seems to be needed for complete repression. A good 
candidate for this remaining repression activity is odd 
(Coulter et al., 1990). Indeed, in an odd background, the 
/3-galactosidase expression pattern of t~ansgenic line IV 
expands anteriorly within the even-numbered paraseg- 
cents  (Fig. 3E, compare with Fig. 2D). This ectopic 
expression is, however, less dramatic than the effect 
observed in ftz or eve rnutant backgrounds. 
prd, eve, ftz, and odd Act Directly on Fragmeilt IV 
in Tissue Culture Cells 
The results obtained in prd, eve, ftz, and odd mutant 
backgrounds are suggestive of a regulatory role for these 
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FIG. 4. Pal>rule protein activity on fragment tV in transient transfection assay, (A) Prd effectively activates fragment tV-LacZ construct 
in a concentration-dependent ma ner. (B} Eve strongly represses Prd activity. At a ratio of 2: ! of Act--Eve to Act-Prd constructs, the activity 
of Prd on fragment IV was completely abrogated (white squares}. No repression of basal activity was observed with increasing amounts of 
Act Eve in absence of Act-Prd (black dots). (C) Ftz has a clear but limited capacity to repress the activity of Prd on fragment IV. Even at 
high quantities of Act-Ftz construct, 40% activity of Prd -was still present. {D) Odd is a strong repressor of the activity of Prd in this assay. 
A complete repression is obtained at  ratio of 3:1 of Act-Odd to Act-Prd constructs. The repression assays {B, C, and D) were made using 
a constant amount of Act-Prd vector {1 ~,g}, arbitrarily considered 100% actfvity. 
genes on fragment IV. However, the possibi l i ty remains 
that the alterations we observed are the result of indirect 
interactions, via intermediate factor(s). To investigate this 
possibil ity, we cotransfected pr d, eve, ftz, and odd under 
the control of a constitut ively active actin promoter, to-- 
gether with the fragment IV--LacZ construct, into Drosoph- 
ila tissue culture cells. 
Transfection of the reporter fragment IV-LacZ construct 
with increasing amounts of pAct-Prd effector plasmid re- 
sulted in a 10- to 15-fold activation over the background 
level, consistent with Prd being a transcriptional ctivator 
of gsb (Fig. 4A). Eve, Ftz, and Odd fail to activate the 
reporter construct in a similar assay (data not shown). The 
activity of 1 /,g of pAc>Prd effector is considered 100% 
activity in the subsequent repression assays with Eve, Ftz, 
and Odd proteins. 
Cotransfection of Prd and Eve effectors show-s a strong 
repression activity by Eve, Indeed, Eve completely abro~ 
gates Prd activity at a 2:1 ratio of the respective constructs 
(Fig. 4B). In this assay, Eve does not seem to repress by 
interacting directly with the basal promoter, but rather by 
competing with Prd for binding to fragment IV. Indeed, in 
the absence of Prd, the basal level of fragment IV-LacZ 
activity is not repressed by Eve alone (Fig. 4B). 
In a similar assay using Ftz and Odd, a clear decrease in 
the capacity of Prd to activate fragment IV is also observed 
{Fig. 4C). Unl ike the effect observed with Eve, repression by 
Ftz on fragment IV never exceeds 60%. Prd thus maintains 
a capacity of activation on fragment IV despite a high 
amount of Ftz protein in the cell. When tested in our 
pAct-Prd/fragment IV assay, Odd is able to completely 
repress Prd activity at a 3:1 ratio of pAct-Odd to pAct-Prd 
constructs (Fig. 4D). Odd is, in this regard, almost as good a 
repressor as Eve in Drosophila tissue culture cells and 
l ikely to complement the l imited Ftz repression activity 
observed. 
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FIG. 5o DNA-binding analysis of Prd and Eve on fragment IV. [A) Pl:d protein generates seven DNase I protections ove~ fragment IV [named 
IV.I to IV.7). The Eve-binding sites overlap with Prd homeodomain-binding sites W.3, FV.4, and IV,5. G-iA serves as a reference to identify 
protected sequences. Solid bar at top indicates a hOt, ransferred bacterial extract. Triangles represent increasing concentration f prote.in. 
(B) Schematic representation of the binding sites obtained in A. Grey and l.~]ack boxes :represent homeodomain~ and paired domaJn-bitlding 
sites, respectively. Striped b(~x (site IV. 1) contains no canonical consensus sequence~ B]aek solid bars underneath represet~t Eve/Ftz-bin&ng 
sites. Bg ]~gllI~ HII, Hind]7; S, SaIL {C! Comparison of sequences protected by Prd {capital letters) al~d by Eve at~d Ftz (underlined). Proeection 
by Eve on site IV.3 corresponds tothe GC.-rich Eve binding colas<msus (Hoey mid ll, evine, 1988) Paired domain and homeodolnag~ consensus 
bi~ding si tcs are in bold. The > arid < symbols indicate orientation of the sequence pointing towards and from ~:he transcription start sitE, 
respectivdy. 
DNAoBinding Act iv i ty  of the Fragment IV  
RegMators 
The majority of the pai>rule class of segmentation genes 
encode transcription factors {reviewed by Kornberg and 
Tabata, 19931. Prd is a paired domain- and paired-type 
homeodomaimcontaining protein (Bopp et al., t986), Eve 
and Ftz are homeodomain proteins {Frash st a]., 1987; 
Laughton and Scott, 1984), and Odd contains a zinc<finger 
domain {Coulter at aL, 1990]. To assess the capacity of 
these regulators of gsb to bind fragment IV DNA, we 
performed DNase I protection assays using recombinant 
proteins purified from E. coIi. 
Using this assay, we identified seven binding sites for the 
Prd protein {Fig. 5A). A search for consensus recognition 
sequences identified the binding sites in the 5' part of the 
fragment as honleodonoain-binding sites (IV.2, IV.3, IV.4, 
and IV.5; Fig. 5C) while those in the second pact of the 
fragment are paired domain~-bindit~g sites /IV.6 and IV.7). 
This assignment is consistent with the DNase I protection 
results obtained with HD and PD truncations of the closely 
related Gsb protein on fragment IV (A. M. Larose and S.C., 
unpublished). Site IV.1 is bound by both domains and 
contains no evident consensus equence. It was thus not 
further analysed in the following experiments. The binding 
sites observed on fragment IV are most likely Prd-binding 
sites since fragment IV activity is lost in a prd background 
(Fig. 2A), whereas no changes in activity were observed in a 
gsb background {data not shown). 
Most interestingly, the DNase I protections obtained for 
Eve (Fig. 5) and Ftz {data not shown) overlap with Prd 
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A 
IV (wt) 
IV. 2M 
IV. 3M 
IV, 4M 
IV. 5M 
IV. 6M 
IV. 7M 
IV. 234M 
IV. 2345M 
Pv'. 2346M 
cell 
culture 
4-4-+ 
+4-+ 
++ 
4-¢ 
4- 
4- 
4-+ 
4"4- 
in vivo 
+++ 
++4- 
+++ 
+++ 
+++ 
+4-+ 
+++ 
4-++ 
B 
C 
c~ 
FIG~ 6. Effect of Prd-binding site mutations on fragment IV activity in transfections and in v~vo. (A} In transient transfection assays, most 
mutated constructs lost soi~qe capacity of activation compared to wild-type fragroent Constructs IV.TM and tV.2345M, however, lost all 
capacity of activation, in transgev~ic lines, xpression of/{--galactosidase is ompleteJy Iost in line IV.TM (B] and IV.9,Sg5M (C) embryos and 
slightly enlarged in lil~e IV.2346M (D} embryos. The other constructs tested shoveed an expression pattern similar to that of wild-type 
fragm.ent IV {see Fig. 2). (}  <5% activity; ({-) ,540% activity; {+ ~-) 30--70% activiW; {-~ ~-) 70-100% activity. Constructs are named 
according to their mutated Prd~binding site{s). 
homeodomain-binding sitcs IV3, IV.4, and IV.5 (Fig, 5~ 
unpublished data). This overlap suggests a repression 
mechanisu~ based on mutually exclusive binding between 
the Prd homeodomain and the Eve or Ft~ bomeodomains for 
access to fragment W. The Odd protein was also tested for 
DNA binding on fragment IV but no clear DNase I protec- 
tion was identified, 
IndfviduM Prd-Binding Sf~e Activity 
Given the complex organisation of the Prd-binding sites 
on fragl~aent IV and the overlap of some of them with 
~egative regulator-binding sites, we further wanted to elu-. 
cidate the contribution of each of these sites to the activity 
of fragment IV. We thus inactivated them individually or in 
combination and tested these mutations in a tissue culture 
assay as well as in transgenic [lies. 
The activi W of each of the individually mutated sites in 
tissue cultured cells is decreased compared to the wild-type 
fragment. Mutants IV.5 and IV.6, removing a homeodomah> 
binding site and a paired domain-binding site, respectively, 
result in only 15 to 20% activity {Fig. 6A). Such a reduction of 
activity is not observed in transgenic flies, likely rd!ecting the 
higher dependency of fragment IV to optimal Prd~binding 
activity in the tissue culture assay. Indeed some other factor(s) 
not present in the tissue culture system could contribute to 
stabilise @agment tV i~ rive. The most dramatic effect for a 
single mutant ir~ transfection assay is observed with mutant 
IV.7M in whidl  on]y 4% activi W remains {Fig. 6A}. This 
clearly identifies site IV.7 as a key Prd-binding site for tire 
normal activity of fragment IV. Consistent with this, we 
found no activiw of riffs construct in transgenic flies {Fig. 6B). 
The five other single mutants did not result in any detectable 
modification of: fragment [V expression pattetn in transgenic 
flies (see Fig. 2). 
Mutating all four homeodomain~binding sites (W.2345M) 
has a dramatic effect in both tissue culture cells and 
transgenic {lies. An activity of less than 1% is observed for 
this construct m tissue culture {Fig. 6A}, whereas the 
expression in transgenic flies is nearly abolished (Fig. 6C}. 
This result unveils the necessity for at least one functional 
homeodomain-binding site for the activation of fragment IV 
by Prd. This model is further supported by another con- 
struct (IV.2346M} i1~ which the only hem eodomain-binding 
site present is IV.5 and the paired domain-bindhrg site IV.6 
is inactivated. In tissue culture assay, this construct shows 
an activity of 30% (Fig. 6A), while the activity is normal in 
trallsgenic flies (Figs. 6A and 6D). Together, these results 
suggest hat Prd activates transcription by binding to mul- 
tiple sites on fragment IV w i th  its paired-type homeodo-. 
main as well as its paired domain. 
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DISCUSSION 
Using genetic and molecular approaches, we have shown 
that the initial ectodermal expression of gooseberry is 
controlled by tbe corn.bmatorial ction of the pair-rule 
proteins on a small enhancer located 5 kb upstream of the 
transcription initiation site. The actiw~tion is prdo 
dependent in all parasegments. Repression in the inter-. 
stripes is regulated by eve in the oddonumbered paraseg~ 
ments and the combined action of flz and odd in the 
even-numbered parasegments. All repressors tested seem to 
act by impairing the capacity of Prd to properly activate 
transcription through the fragment IV enhancer. 
Prd Activity on Fragment IV  
Prd, like Gsb, contains a paired domain and a paired-type 
homeodomain. These domains are able to bind DNA im 
vitro in an independent as well as in a cooperative manner 
(Treisman et aL, 1991; Jun al~d Desplan, 1996). This pecu- 
liar feature gives the members of this family of transcri D
tion factors a great DNA binding versatility. The gsb early 
transcriptional enhancer studied here presents an interest- 
ing case in which Prd uses both DNA-binding domains to 
interact with bomeo~ and paired domain recognition se~ 
quences egregated on the enhancer {Fig. 5B}. An enhancer 
fragment lacldng either all homeodomain-binding sites 
(IV.2345M) or a specific paired dornainobinding site (IV.7M) 
loses all activity. These results suggest hat the two DNA~ 
binding domains of Paired cooperate for its proper activity 
on fragment IV. Whether the different sites of fragment IV 
are bound by the same molecule or by two different nolo 
ecules is currently unclear. The model involving only one 
Prd molecule is supported by an experiment showing that a 
combination of two mutant prd transgenes (under the 
control of the prd promoter), mutated in the paired domain 
and in the homeodomain, respectively, cannot rescue the 
early expression pattern of gsb in a prd mutant background, 
whereas a wild-type prd transgene is ablc to do so (Bertuc- 
cioli et al., 1996). 
RegMation of gsb in the Odd-Numbered Stripes 
The onset of g.~b expression first occurs in seven stripes at 
the cellular blastoderm stage. These stripes appear in a first 
row of cells at the posterior border of the evenmumhered 
parasegments. The expression rapidly expands to a second 
row of cells at the anterior border of the odd-numbered 
parasegments (Gutjahr et M., 1993b). The gsb stripes coin- 
cide with the posterior border of Prd expression in the 
odd-numbered parasegrnents (Baumgartner and Noll, 1990). 
In an elegant study of the different modes of eve regulation, 
Fujioka et aL (1995) suggest that the early bell~shaped 
expression of Eve acts as a morphogenetic gradient regulat- 
ing the posterior border of prd expression. Although the 
posterior border of gsb expression in the oddmumbered 
parasegments could be specified by Prd expression ~done, it 
is likely that Eve also acts directly on the gsb control 
region. Indeed, we have shown here that the Eve-binding 
sites overlap with some of the Prd-binding sites, suggesting 
a competition at the DNAobindi:ag level. 
In principle, the consensus sequences identified by 
DNase I protectioJ~ with Eve could represent binding sites 
of other homeodomain p:roteins regulating sb expression. 
However, the fact that Eve and Ftz are the only known 
homeodomain proteins expressed in a double segment pe- 
riodicity at the blastoderm stage strongly argues against 
this. Moreover, a direct action of Eve on gsb regulation is 
supported by short-pulse heatoshock experiments which 
faw)ur direct regulatory effects (Manoukian and Krause, 
1992). Using this assay, the ectopic overexpression of prd 
could override the repression by Eve in the odd°numbered 
paraseglnents, while a heat-shock eve could abrogate Prd 
activation of g.~b in all parasegments (S.C. and R. Ouellette, 
unpublished ata)~ Altogether these results suggest that gsb 
responds to the Eve morphogenetic gradient in th.e odd- 
numbered parasegments. 
RegMa,ion of gsb it, the Even-Numbered Stripes 
The endogenous even-numbered g,sb stripes appear at 
stage 6 with a slight delay compared to the oddmmnbered 
stripes (Gutjahr et aL, 1993b). it is now dear that Prd is 
essential for the activation of these stripes ince neither the 
endogenous gsb transcription (S.C. and R. Ouellette, unpub- 
lished data) nor the fragment IV expressiot~ {Fig. 2A) was 
observed :in the trunk during germ~band extension in a prd 
embryo. Transcriptional activity was also lost in tissue 
culture assays and in vivo {transgenie lines} upon removal 
of Prdobinding sites (Fig. 6). A similar conclusion concern- 
ing the activity of Prd in all parasegments was reached 
using ectopic overexpression f Prd {Cai et M., 1994). The 
necessily of Prd for g,vb activation does not exclude the 
potential requirement of another factor such as Odd-paired 
as previously suggested (Li et aL, 1.993). Alternatively, it is 
possible that Opa is involved i,~ the maintenance of gsb by 
activating wg in the evenmumbered stripes. The activity of 
Opa on g,~b through the Wg signal could account for the 
remnants of evenmumbered stripes observed at late stage 
11 in a prd transgenic line IV embryo (Fig. 2B~ Li et al., 
1993). Indeed, wg is known to depend on prd in the 
odd-numhered stripes, whereas it depends on Opa in the 
even-numbered stripes (Ingham, 1988~ Benedyk et aL, 
1994). 
The establishment of the posterior border of gsb in the 
even-numbered parasegments requires an efficient mecha- 
nism of repression since Prd is present in the whole even- 
numbered parasegments at the time of gsb initiation {Gut-- 
iahr et aL, 1993). We have shown that the expression of 
transgenie line IV-LacZ is derepressed in ) z  and odd 
mutant embryos {Fig. 3}. Moreover, Prd activity was di~ 
rectly competed by Ftz and Odd in tissue cultured cells (Fig~ 
4}. These data identify Ftz and Odd proteins as responsible 
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for the establishment of gsb expression borders in the 
even-nulnbered parasegments. 
In the genetic analysis of fragment IV, we observed that 
neither ftz nor odd mutant  embryos show a complete 
derepression i  the even-numbered parasegment. An odd 
embryo shows an anterior widening of the odd-numbered 
gsb stripes (Fig. 3E; S.C. and R. Ouellette, unpublished 
data), suggesting a more important role of Odd in the 
region of low Ftz concentration. This result also indicates 
that Ftz is a potent repressor in the embryo since it is still 
able to partially repress gsb, even though Prd remains 
high in the central part of the even-numbered paraseg- 
ments in an odd embryo, as opposed to its gradual 
repression in this region in a wild-type background 
(Baumgartner and Noll, 1990). In a f tz  embryo, we ob- 
serve a posterior widening of two to three cells in the 
even-nmn.bered stripes. This l imited expansion can be 
explained by the action of Odd in the poster ionnost 
portion of the parasegment Colnbined with the fact that 
Prd is fading exclusively in this region in a ftz mutant  
embryo (Baumgartner and Noll, 1990). 
The true repressor effect of Odd on fragment IV is 
possibly masked in our genetic experirnents by the fact 
that, in an odd mutant  embryo, Ftz is not properly 
repressed in the posterior port ion of the parasegment 
(Mullen and DiNardo, 1995). In such an embryo, Ftz is 
thus compensating for the absence of Odd. At the mo- 
lecular level, the mechanism of action of Odd is unclear. 
It is possible that Odd binds directly to fragment IV via 
its zinc-finger domain, but this interaction would have 
been missed due to insufficient binding activity in vitro. 
Alternatively, Odd could bind Prd via protein.-protein 
interaction and thereby interfere with its transactivation 
properties. 
The characterisation of the fragnrent IV early gsb en- 
hancer thus presents a demonstration of the regulation of 
the segment polarity genes by combinatorial activity of 
pair-rule proteins. This is also one of the first demonstra~ 
tions of a cross-regulation between two Pax genes. In 
Drosophila eye development, it has recently been shown 
that eyeless {ey) gene regulation is under the control of 
7'win of eyeless, a second Pax6 horn ologue closely related to 
ey (Czerny et eL, 1999). Likewise, proper Pax5 expression 
depends on Pax2 function in the mouse midbrain (Pfeffer et 
ol., 2000). Such direct cascades of regulation might prove to 
be a widespread mode of action of Pax genes during devel- 
opment, as suggested by the coexpression and genetic 
dependency of many other Pax proteins in different issues 
and organisms (Ouellette t aI., 1992; Gutjahr et el., 1993b; 
Stoykova nd Gruss, 1994~ Mansouri et el., t994; Pfeffcr et 
el., 1999). 
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